Genotype G3P [8] of rotavirus A (RVA) is detected worldwide, usually associated with Wa-like constellation and exhibiting a long RNA migration pattern. More recently, a novel intergenogroup, G3P[8] reassortant variant with a short electropherotype, has emerged in Asia, Oceania and Europe, denoting an overall potential of unusual rotavirus strains. During a RVA surveillance in Brazil, G3P[8] strains were found displaying a short electropherotype pattern, which had not been detected before in this region. This study aims to characterize the complete genome of 10 G3P[8] strains detected in the northern region of Brazil. All G3P[8] samples were subjected to partial sequencing, and the whole-genome phylogenetic analysis demonstrated that all strains possessed I2-R2-C2-M2-A2-N1-T2-E2-H2 genotype background, representing reassortants with an equine-like G3 VP7 and amino acid changes in VP4 and VP7 antigenic regions as compared to vaccine strains. Phylogenetic analysis demonstrated high nucleotide identity in almost all RNA segments of G3P[8] DS-1 samples detected in Asia, Oceania and Europe as well as G3P[4] strains in Japan. This study reports a novel, equine-like G3P[8] strain circulating in Brazil and isolated from children hospitalized for severe gastroenteritis, and highlights the complex dynamics of RVA molecular epidemiology. Our findings point to a novel RVA strain emerging in this region, and studies should be done to detect whether this may represent a challenge to current vaccine strategies.
INTRODUCTION
Diarrhoeal diseases represent a major worldwide cause of morbidity and mortality in children aged <5 years worldwide, and rotavirus (RV) still remains a very common cause of severe diarrhoea, leading to approximately 200 000 deaths each year (Das & Bhutta, 2016; Tate et al., 2016) .
RVs belong to the Reoviridae family, Sedoreovirinae subfamily and Rotavirus genus (ICTV, 2015) . The RV virion possesses a triple-layered, non-enveloped capsid of icosahedral symmetry surrounding a genome of 11 segments of dsRNA. Altogether, the RV genome encodes six structural proteins (VP1-VP4, VP6 and VP7) and five or six non-structural proteins (NSP1-NSP5/6), with the majority of segments being monocistronic, except for RNA segment 11 which encodes NSP5 and NSP6. In view of the segmented nature of the genome, genetic reassortment involving co-circulating strains of human and animal origins has shown to be a common event (Donato et al., 2014) .
Based on the serological reactivity and genetic variability of VP6 gene, at least nine different groups (or species), RVA-RVI, have been identified, of which RVAs account for the majority of infections in humans Mihalov-Kov acs et al., 2015) .
On the basis of whole RVA genome sequencing, Matthijnssens et al. (2008) have proposed a comprehensive classification system that assigns a specific genotype for each of 11 genes. Two major non-G and non-P RVA genogroup constellations are known to circulate among humans, including genogroup 1 [I1-R1-C1-M1-A1-N1-T1-E1-H1 (Wa-like constellation)] and genogroup 2 [I2-R2-C2-M2-A2-N2-T2-E2-H2 (DS-1 like)]. Further minor RVA (AU-1-like constellation) comprises non-G/P genogroup 3, including I3-R3-C3-M3-A3-N3-T3-E3-H3 (Patton, 2012) .
In general, a double nomenclature is used for designating RVA genotypes, based on the VP7-and VP4-type specificities, of which G1P [8] (PATH, 2015) . A number of recent post-licensure studies have shown that both vaccines are effective against severe RVA gastroenteritis, provide protection against a broad variety of RVA strains and significantly reduce the frequency of gastroenteritis-related hospitalizations and deaths throughout the world (Costa et al., 2016; Greenwood, 2014; .
In view of the segmented nature of the RVA genome, reassortment events involving different strains are common and recognized as one of the mechanisms governing the evolution of novel viruses. Besides enhancing genetic diversity, reassortment may give rise to interspecies transmission with subsequent adaptation to the human host (Maestri et al., 2012; Mascarenhas et al., 2007) . Mostly in low-income settings, it is likely that close proximity between humans and animals favours the occurrence of interspecies transmission, leading to the emergence of RVA variants that may potentially challenge current RVA vaccination strategies .
A number of studies on novel RVA circulating variants have been conducted to date. In this context, Komoto et al. (2015) have detected a G1P[8] strain in Thailand that exhibited a DS-1-like constellation with short electropherotype pattern. Cowley et al. (2016) and Komoto et al. (2016) have reported the occurrence of G3P [8] strains that exhibited a DS-1-like constellation with a short electrophoretic profile in Australia and Thailand, respectively. G3 genotype is known as the third most common RVA genotype in humans, most frequently combined with P[8]-type specificity. Of note, G3 strains have been identified in a broad host range, including cats, cows, dogs, horses, pigs, rabbits, sheep, monkeys and bats, in association with several P types (Malik et al., 2016; Nemoto et al., 2015) . Following introduction of RVA vaccines, G3 strains were detected worldwide in humans in combination with P[4], P[6], P [9] and P[8] (Cowley et al., 2016; Malasao et al., 2015; Medici et al., 2016; Soares et al., 2014; WHO, 2015) .
This study aims to describe the genetic characteristics of a possible novel equine-like G3P[8] strain associated with childhood acute gastroenteritis that has emerged in 2016 across Northern Brazil.
RESULTS
In March and April 2016, a total of 48 faecal samples were collected in healthcare centres from Northern Brazil, of which 14 (29.1 %) were RVA positive by ELISA. The analysis of RVA-RNA by PAGE in positive samples showed that short and long migration patterns were detected in ten (71.4 %) and three (21.4 %) of positive samples, respectively, and only one sample was negative by PAGE. Phylogenetic analysis of structural VP7 gene yielded the highest nucleotide (nt) sequence similarities (99.1 to 99.7 %) with cogent genes of human/equine reassortant RVA strains that were detected in Japan (S13-45), Thailand (SKT-271), Australia (WAPC1740, D388) and Spain (SanSebastian982440472015). Furthermore, the Brazilian strains were closely related (89.8 to 90.3 %) to an equine strain isolated in India (Erv 105). Of note, when compared to the VP7 gene of RotaTeq vaccine nt, similarities ranged from 79 to 79.6 % (Fig. 2f ). G3P[8] Brazilian strains were compared to G3P[8] Wa-like human strains and G3 equine strains with nt similarities ranging from 77.7 to 78.2 % and 84.3 to 85.5 %, respectively.
Analysis of the structural VP4 gene demonstrated that G3P
[8] Brazilian strains grouped into lineage P[8]-3, and these were most closely related to human strains from Australia (WAPC1740, D388, WAPC2016), Thailand (SKT-281, SKT-289, SSKT-41) and Philippines (TGO12-045), with nt sequence identities in the range of 99 to 99.5. % (Fig. 2d ).
Structural protein genes VP1, VP2, VP3 and VP6 exhibited the highest nt sequence identities with human samples reported in Japan, Thailand and Australia, yielding nt sequence similarities ranging from 99.5 to 100 % for VP1, 98.1 to 99.7 % for VP2, 98.8 to 100 % for VP3 and 97.5 to 99.8 % for VP6, all DS-1-like genotype ( Fig. 2a-c , e).
With regard to NSP genes encoding NSP1, NSP3, NSP4 and NSP5, the highest nt sequence identities were found with cogent genes of strains of human origin reported in Japan, Thailand and Australia with nt similarities of 98.9 to 99.9 % for NSP1, 98.3 to 99.8 % for NSP3, 98.5 to 99.6 % for NSP4 and 98.9 to 99.4 % for NSP5 (Fig. 3a, c-e) . Interestingly, G3P[8] Brazilian strains carried a NSP2 genotype 1 (WA like) and were closely related to G1P[8] strains (Fig. 3b) .
The amino acid (aa) sequences were further analysed for VP7 and VP4 and compared to Rotarix and RotaTeq vaccines, showing aa changes in antigenic regions described by Aoki et al. (2009) for VP7 (neutralizing epitopes 7-1a and 7-1b) and by Dormitzer et al. (2002 Dormitzer et al. ( , 2004 for VP8* (neutralizing epitopes 8-1 and 8-3) as demonstrated in Fig. 4 .
DISCUSSION
Following the introduction of RVA vaccines into routine use, the long-term monitoring of circulating RVA strains has been strongly recommended throughout the world, in order to assess whether there is any correlation between vaccine introduction and strain ecology (Patel et al., 2012) . Currently, molecular biology techniques including fullgenome sequencing analyses have demonstrated a substantial genomic diversity of co-circulating RVA strains across several regions and at various times. Of interest in this context, there are the inter-genogroup reassortment events that occur commonly under natural conditions, which may give rise to strains bearing mixed genotype specificities from both human and animal viruses, and that could theoretically pose a challenge to vaccination strategies (Silva et al., 2015) .
In this study, we have reported the occurrence of a novel DS-1-like G3P[8] RVA strain in Northern Brazil. These samples were recovered from diarrhoeic children native to Amazonas state, a touristic setting that receives travellers from many continents, mostly from Europe (46.1 %) and North America (36.1 %), followed by Asia (10 %), South America (4.2 %), Oceania (1.6 %) and Africa (1.2 %) based on 2014 data in (Amazonastur, 2014) .
DS-1-like G3P[8] RVA Brazilian strains have displayed a short electropherotype, in sharp contrast to the long RNA profile usually exhibited by strains bearing these G and P specificities. Of note, short RNA patterns similar to ours were also found in Thailand by Komoto et al. (2016) , who described the genetic and antigenic characterization of a novel human/equine reassortant, DS-1-like G3P [8] (Medici et al., 2016; Patton, 2012) . Inter-genogroup reassortants were detected in Asia, being described as G1P (Cowley et al., 2016; Komoto et al., 2016) . Of potential concern is the fact that DS-1-like G3P
[8] strains have been detected in some geographical areas (e.g. Australia) in association with severe childhood RV gastroenteritis (Cowley et al., 2016) . (Cowley et al., 2016; Komoto et al., 2016; Malasao et al., 2015) .
Using phylogenetic analysis of G3P[8] Brazilian DS-1-like strains, it was observed that an additional reassortment event in the NSP2 gene was detected, which has exhibited typical genotype 1, Wa-like constellation. This is in contrast with the findings of Cowley et al. (2016) and Komoto et al. (2016) in Australia and Thailand, respectively, who described G3P[8] strains with NSP2 gene typically assigned to genotype 2, DS-1-like constellation.
Of interest, the DS-1-like G3P[8] strains possessed aa sequence of the VP7 and VP4 proteins, which differed from those of the RotaTeq and Rotarix vaccines, although it cannot be concluded at present whether this observation may signify a potentially lower vaccine efficacy.
In neutralizing epitopes of VP7, aa changes were observed in 7-1a (T87S) and 7-1b (N213T, K238D, D242A) regions in comparison with the RotaTeq G3 strain. Zeller et al. (2012) reported aa changes when comparing G3 Belgium strains to G3 RotaTeq in 7-1b and 7-2, and Morozova et al. (2015) reported aa changes in the same regions (7-1b and 7-2), including 7-1a. It was observed that G3 human-equine strains showed specific aa changes in the 7-1b region.
Regarding neutralizing epitopes of VP4, Brazilian strains carried aa changes when compared to RotaTeq and Rotarix P[8] strains in the 8-1 (N150S, N/D196G) and 8-3 (N113D) regions; aa changes in this region were also demonstrated by Zeller et al. (2012) in G3 Belgium strains, with the exception of substitutions in the aa 150 position that were observed in P[8] Brazilian, Thai and Australian strains. Attempts to adapt the Brazilian G3P[8] RVA strains to growth in cell culture (MA104 cells) have so far been unsuccessful, and therefore cross-neutralization assays in vitro could not be carried out. This will be the aim of future work.
It is well known from several studies conducted throughout the world that genetic reassortment between RVA strains of human and animal origins represents a common event (Komoto et al., 2016; Malasao et al., 2015) . Notably, in this context, Grant et al. (2011) have reported G3P[3] and G3P [9] RVA strains exhibiting a high degree of genetic relatedness with human-bovine-canine-feline RVA. In Northern Brazil, a number of studies have highlighted the occurrence of reassortant human-animal RVA strains denoting different origins such as human-porcine, human-bovine and human-feline RVAs (Maestri et al., 2012; Mascarenhas et al., 2007) .
The detection of DS-1-like G3P[8] RVA strains in Brazil adds strong evidence to the possible ongoing spread of RVAs of the unusual genotype constellation across the globe. Finally, the detection of a novel human-equine reassortant RVA strain G3P [8] in Bel em, Northern Brazil, Equine-like G3 rotavirus in Brazil highlights the close genetic evolutionary relatedness between human and animal circulating RVA strains and may possibly reflect the early global emergence of a novel genotype. In order to assess whether the emergence of such unusual RVAs will impact vaccine effectiveness, further studies will be required.
METHODS
Ethics statement. This study was conducted in the context of the official Brazilian Ministry of Health's surveillance network for RVA; therefore, no ethical clearances were needed.
Clinical specimens. Faecal specimens were obtained during March and April 2016 from Brazilian children aged 3 to 63 months who were hospitalized for acute gastroenteritis. These specimens were obtained from two health care centres situated in the northern region of Brazil [Amazonas state (23 samples) and Tocantins state (25)]. An aliquot of each sample was collected and stored at 2 to 8 C, subsequently being transported on ice to the Instituto Evandro Chagas in Bel em, Brazil, a national RV reference laboratory of the Brazilian Ministry of Health, where samples were immediately stored at À20 C until testing for the presence of RVA antigen.
The commercially available ELISA RIDASCREEN (R-Biopharm) was used to detect RVA antigen in stool samples according to the instructions of the manufacturer; each of the plates included a positive and a negative control. Virus dsRNA was extracted from the supernatant of a 10 % stool sample using the guanidinium isothiocyanate-silica method, as described previously (Boom et al., 1990) . The extracted dsRNA was further used for (i) PAGE analysis and (ii) full-genome sequence analysis. PAGE was carried out in Tris/glycine buffer, and the RVA electropherotype was visualized and classified following electrophoresis through vertical 5 % acrylamide-bisacrylamide gels, followed by silver staining (Pereira et al., 1983) .
RT-PCR. All ELISA RVA-positive samples were subjected to two-step RT-PCR. Briefly, the first round was performed with consensus primers Beg9/End9 and 4con3/4con2 to amplify VP7 and VP4 genes, respectively. Subsequently, G and P genotypes were determined in a secondround semi-nested type-specific multiplex PCR assay utilizing primers for G (G1, G2, G3, G4, G9 and G12) and P types (P[4], P[6], P[8] and P [9]), as reported previously (Gentsch et al., 1992; Gouvea et al., 1990) . The remaining non-G and non-P structural genes, as well as the nonstructural genes, were amplified according to procedures described previously (Both et al., 1984; Cunliffe et al., 1997; Matthijnssens et al., 2006; Varghese et al., 2006 Nucleotide sequencing and phylogenetic analysis. Sequencing of PCR amplicons for all genes was carried out utilizing the same primers as those used in the PCR assay and the BigDye Terminator Cycle Sequencing kit (Applied Biosystems) according to the manufacturer's instructions. The sequences were collected from an automated ABI Prism 3130xl DNA sequencer (Applied Biosystems) and were assembled using the software CAP3, aligned with MAFFT v.7.221, edited with Geneious v.8.1.7 and compared to sequences from other viruses isolated and available in GenBank (http://www.ncbi.nlm.nih.gov). Phylogenetic analyses were carried out using MEGA software program version 4.0.1 by the neighbour-joining method (Kimura, 1980) . The statistical significance of the genetic relationships was estimated by bootstrap resampling analysis (2000 replications). Partial nt sequences determined in this study were deposited in the GenBank database detailed in Table S1 (available in the online Supplementary Material).
